US009237333B2

a2z United States Patent (10) Patent No.: US 9,237,333 B2

Lee et al. (45) Date of Patent: Jan. 12, 2016
(54) METHOD AND APPARATUS OF MEASURING (56) References Cited
DEPTH INFORMATION FOR 3D CAMERA
U.S. PATENT DOCUMENTS
(75) Inventors: Jun Haeng Lee, Hwascong-si (KR);
Hyun Surk Ryu, Hwascong-si (KR): 6919549 B2* 70005 Bamjictal ... 2502081
R ,016, akamura etal. ............
Keun Joo Park, Seoul (KR); Chang 7,157,685 B2*  1/2007 Bamjietal. ........ . 2501214 A
Woo Shin, Pohang-si (KR) 7362419 B2* 42008 Kuriharaetal. .......... 356/4.07
: . ; 7,548,325 B2* 6/2009 Quachetal. ... .. 358/1.11
(73) Assignee: Samsung Electronies Co., Ltd., 7952690 B2* 52011 Cauquyetal . " 356751
Suwon-si (KR) 8,150,598 B2* 4/2012 Watanabe etal. ......... 348/345
(*) Notice:  Subject to any disclaimer, the term of this %88?;85?245% ﬁ} * ;gggg EamJi ei al 250/208.1
. . ec et al.
patent s extended or adjusted under 35 2009/0045359 Al*  2/2009 Kumahara et al. ...... 250/559.38
U.S.C. 154(b) by 882 days. 2009/0076758 Al*  3/2009 Dimsdale ......cc.coo..orre. 702/97
1) Aol No: 1318449 oltostee A1 2010 Cau il
atanabe ¢t al.
(22) Filed: Jul. 15, 2011 2010/0231891 Al* 9/2010 Maseetal. .....ccooeevens 356/5.01
(65) Prior Publication Data FOREIGN PATENT DOCUMENTS
US 2012/0105587 Al May 3, 2012
Jp 2000-121339 4/2000
(30) Foreign Application Priority Data Ip 2006-084429 3/2006
Jp 2008-116309 5/2008
Nov. 1,2010  (KR) wooooocerrrrrerns 10-2010-0107646 (Continued)
(1) Int.CL Primary Examiner — Jay Patel
GOIS 7/487 (2006.01) Assistant Examiner — Reza Aghevli
GO1S 17/89 (2006.01) (74) Attorney, Agent, or Firm — NSIP Law
HO4N 13/02 (2006.01) ’ ’
GOIS 7/486 (2006.01) 57 ABSTRACT
(52) US.CL A depth inf i . thod and tus
CPC ..., HO4N 13/0271 (2013.01); GOLS 7/487 threzlf’ dinllgnosliiollrilaio(g]gl)e?aszlré?ag ::11: Oou " alrllt taopgir;‘b.zc toraz
(2013.01); G2001 15; 2/1186}115‘2’?\,1 33(};)2’ 5205‘3‘1137(/)6;9 optical pulse of which an intensity i}s/ higllier ’than an iriten’sity
( 01); ( 01) of'an ambient light. The depth information measuring method
(58) Field of Classification Search and apparatus may generate a voltage that is proportional to a
CPC ... GO1S 17/89; GO1S 7/4861; GO1S 7/487; log value of an intensity of a light reflected from the object.
HO4N 13/0253; HO4N 13/0271 The depth information measuring method and apparatus may
USPC ........ 348/46, E13.07, 345, 270, 349, B5.042; use discharging units, and the discharging units may respec-

257/E27.131, E27.133, E27.151;
356/605, 5.1, 5.04, 4.01, 4.07,
382/106, 154
See application file for complete search history.

240

—

First

tively include dischargers having different discharging
speeds or capacitors having different capacities.

20 Claims, 8 Drawing Sheets

Third

control signal 230

control signal | Controller |Second control signal / —j
v

220 I Vou |
A
21\0 212 221 B
, ) \ { Off Capacil
L~ i -
g el o
Log output 1 |Comparato] *
s+ Vi —ctios® Vil :
D —c
Reflecte.l amplifier T 8 2 J__ e

wlve\
N o
1ot "

Vet v;-v




US 9,237,333 B2

Page 2
(56) References Cited Jp 2009-085706 4/2009
Jp 2009-103627 5/2009
Jp 2009-236650 10/2009

FOREIGN PATENT DOCUMENTS

Jp 2009-085705 4/2009 * cited by examiner



US 9,237,333 B2

Sheet 1 of 8

Jan. 12, 2016

U.S. Patent

HdNOS
LHDI'T

gNIL

1148

1217 ™1f

THAHT THAHT

OIl  XIISNZLINI HOIH ALISNZLINI MOT

)

#

e

\\ _

S~

_l_‘ aoryad

-

d8TNd 40 NOILVINd

12drd0

IHDIT 40 ALISNALNI

1014



US 9,237,333 B2

Sheet 2 of 8

Jan. 12, 2016

U.S. Patent

J10ss0d01d

~

05T

(144
)
N
TA-ZA 1w —
R T
— — €A /:7/
_ = aAmm
_ \ Jayydue IR
3 souepadun-susn
PY mdno Fo1
U0 [EA v
Jo8reyosiq )
Toposde)) 30 N A
_ [4%4 01z
‘— H:.N
i Y, s
DDA - OIU0D PUu03d
s 15 ] PUORS| jor7008000) T [0qu00
0£Z Teus|s [onuod B’y
P~
ovT
O



U.S. Patent Jan. 12, 2016 Sheet 3 of 8 US 9,237,333 B2

FIG. 3

Vout 4

~ TIME

~ TIME




US 9,237,333 B2

Sheet 4 of 8

Jan. 12, 2016

U.S. Patent

HINLL

I 4LN00Y
¢ 11N0Y

1 wSG\/

HWILL =

¢HILNOY

[ HLNOY

v OId

¢41LN0A

[ 41N10Y

LIOHALHO



US 9,237,333 B2

Sheet 5 of 8

Jan. 12, 2016

U.S. Patent

Ity Ory 61,
ANLL =
FA| ALy
- | o NOLLOA 144d
o | v S MOT
o | ZHLNOY % DNIAVH
o | ynop i dDV4ANS
dNILL = — | —
““““““““ Lo | PR N
7 AN 7 NOLLDAT1ATd
¢4LN0Y N V\ HOIH
—~ | 1 41N0¥ ~ DNIAVH
| © o dOVAANS

S DI



US 9,237,333 B2

Sheet 6 of 8

Jan. 12, 2016

U.S. Patent

mm U0 mn o wn [0 e
U~ —— |Furdegostp 7 —— [dm3reyosip 1 —— [SurSreqostp
v JJo i, ., puosss (1O ] w00
_ M 1 =]
1 1 1
e s o|..|_ [e08s anap o|.‘|_ [Eusis | | PO o|..|_ reusis |
[onu0d 101U 1onuos |
puo29g Puossg puosog |
[eusis [onuoo Jeusis jonuad [eusis ouos |
i Py | PIYL L PAYL !
1 1 [ !
L L. J L 1
\q \v \v
\ \ \
0£9 029 019
9 °"DId

[4
Ioreredwon)
!

|

A

TA



US 9,237,333 B2

Sheet 7 of 8

Jan. 12, 2016

U.S. Patent

14l
ANLL Lot
1400 A 7 m m
NwDO\/ T :u\/ m - m
A e
Wno o " “
AY ¢ oy m
m m Yy wSO\/
TINLL = m m 12410
| Y ﬁ>

LD



U.S. Patent Jan. 12, 2016 Sheet 8 of 8 US 9,237,333 B2

FIG. 8
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1
METHOD AND APPARATUS OF MEASURING
DEPTH INFORMATION FOR 3D CAMERA

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application claims the benefit under 35 U.S.C. §119
(a) of Korean Patent Application No. 10-2010-0107646, filed
on Nov. 1, 2010, in the Korean Intellectual Property Office,
the entire disclosure of which is incorporated herein by ref-
erence for all purposes.

BACKGROUND

1. Field

The following description relates to a method and appara-
tus for measuring depth information. Additionally, a method
and apparatus for measuring depth information in a three-
dimensional (3D) camera is provided.

2. Description of Related Art

As three-dimensional (3D) technologies have been rela-
tively popular, demand for technologies that readily photo-
graph 3D images has increased. A scheme of adding depth
information to a two-dimensional (2D) image is an example
of one scheme for providing 3D images. Cameras that pho-
tograph 3D images include, for example, a time of flight
(TOF) camera. Schemes for measuring the TOF may be clas-
sified into two schemes. A first scheme is based on an inten-
sity of light. Accordingly, an optical pulse is shot to an object,
and the pulse is reflected from the object. In this example,
when the reflected pulse is cut using a shutter, an intensity of
light varies based on a reflected distance. A second scheme is
based on a phase delay. Accordingly, a phase delay of a radio
frequency (RF)-modulated signal varies based on a reflected
distance from an object of a light source modulated to a high
frequency.

SUMMARY

In one general aspect, there is provided a depth information
measuring apparatus, the apparatus including a log convert-
ing unit to receive a light reflected from an object, and to
output a log node voltage that is proportional to a log value of
an intensity of the reflected light, a comparison outputting
unit connected to an output of the log converting unit, for
outputting a comparison node voltage of a second threshold
value when the log node voltage increases by at least a first
threshold value after activation of a first control signal, and at
least one discharging unit connected to an output of the com-
parison outputting unit for discharging, based on a predeter-
mined rule, an output node voltage until a second control
signal is activated, when the output of the comparison out-
putting unit is equal to or greater than the second threshold
value, wherein the output node voltage is charged, in advance,
to a level of a source voltage, and wherein the second control
signal is activated when the discharging is performed during
a predetermined time.

The log converting unit may include an optical sensor to
receive the light reflected from the object, and to convert the
received light to a current, and a log output trans-impedance
amplifier to output the log node voltage that is proportional to
a log value of a magnitude of the current.

The comparison outputting unit may include a comparator
with a first input port and a second input port, the second input
port being connected to an input port of the comparison
outputting unit, a buffer connected to the first input port of the
comparator, and a first switch disposed between the buffer
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2

and the input port of the comparison outputting unit, wherein
the first switch operates based on the first control signal, and
wherein the comparator may output a comparison node volt-
age substantially equal to the second threshold value when a
voltage of a second input port of the comparator is at least the
first threshold value greater than a voltage of the first input
port.

Each of the at least one discharging unit may charge a
corresponding output node voltage to the level of the source
voltage, based on whether a third control signal input to a
corresponding discharging unit is activated.

Each of the at least one discharging unit may discharge the
corresponding output node voltage at a different rate.

Each of the at least one discharging unit may include a
discharger including an on-port and an off-port, a capacitor
connected between a corresponding discharging unit and
ground, and a second switch connected between the source
voltage and an output node, the output node disposed between
the discharger and the capacitor, wherein the second switch
operates based on a third control signal, and wherein the
discharger may operate in an active mode that discharges the
output node voltage when a voltage greater than or equal to
the second threshold value is input to the on-port, and oper-
ates in a sleep mode that stops the discharging based on the
second control signal input to the off-port.

The capacitor included in each of the at least one discharg-
ing unit may have a different capacity.

The discharger included in each of the at least one dis-
charging unit may have a different discharging rate.

The apparatus may further include a light source to output,
in a direction of the object, a periodic optical pulse including
light of at least two intensity levels, wherein the at least two
intensity levels have values other than zero.

The lowest intensity level of light of the periodic optical
pulse is higher than an intensity of ambient light.

The apparatus may further include a controller to control
the comparison outputting unit based on the first control
signal, and to control the at least one discharging unit based
on the second control signal.

The controller may selectively control the at least one
discharging unit based on an estimated distance to the object.

A discharging unit having a relatively fast discharging rate
among the at least one discharging unit may be selected when
the estimated distance is relatively short.

A discharging unit having a relatively slow discharging
rate among the at least one discharging unit may be selected
when the estimated distance is relatively long.

The apparatus may further include a processor to calculate
depth information based on each change in output node volt-
age of the at least one discharging unit from before the dis-
charging is performed to after the second control signal is
activated.

In another general aspect, there is provided a depth infor-
mation measuring method, the method including receiving a
light reflected from an object, generating a log node voltage
that is proportional to a log value of an intensity of the
reflected light, generating, as an output of a comparison out-
putting unit, a comparison node voltage of a second threshold
value when the log node voltage increases by at least a first
threshold value after activation of a first control signal input to
the comparison outputting unit, and discharging, based on a
predetermined rule, an output node voltage of each of the at
least one discharging unit until a second control signal input
to a corresponding discharging unit is activated, when the
output of the comparison outputting unit is greater than or
equal to the second threshold value, wherein the output node
voltage is charge, in advance, to a level of a source voltage,
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and wherein the second control signal may be activated when
the discharging is performed during a predetermined time.

The generating of the log node voltage may convert the
received light to a current and may generate the log node
voltage that is proportional to a log value of a magnitude of
the current.

The method may further include charging the output node
voltage to the level of the source voltage, based on whether a
third control signal input to each of the at least one discharg-
ing unit is activated.

The discharging may include discharging, by each of the at
least one discharging unit, a corresponding output node volt-
age at a different rate.

The method may further include outputting, in a direction
of'the object, a periodic optical pulse including light of at least
two intensity levels, wherein the at least two intensity levels
have values other than zero.

The method may further include outputting a lowest inten-
sity level of light of the period optical pulse is higher than an
intensity of ambient light.

The method may further include calculating depth infor-
mation based on each change in output node voltage from
before the discharging is performed to after the second con-
trol signal is activated.

In another general aspect, there is provided a depth infor-
mation measuring method, the method including generating
an optical pulse toward an object, receiving the optical pulse,
the optical pulse being reflected from the object as a reflected
optical pulse, comparing a value measured with respect to the
generated optical pulse with a value measured with respect to
the reflected optical pulse, generating a discharge signal
according to a result of the comparing, and determining the
depth information according to a value measured with respect
to the discharge signal a predetermined time after the genera-
tion of the optical pulse, wherein the discharge signal varies
as a function of time.

Examples described herein may provide a depth informa-
tion measuring method and apparatus that may output an
optical pulse of which an intensity is greater than an intensity
of an ambient light. Thus, interference of the ambient light
may be reduced and depth information may be more accu-
rately measured.

Examples described herein may provide a depth informa-
tion measuring method and apparatus that may generate a
voltage that is proportional to a log value of an intensity of a
light reflected from an object and thus, may obtain relatively
accurate depth information even when a reflection rate of a
surface of the object is not uniform.

Examples described herein may provide a depth informa-
tion measuring method and apparatus that may use discharg-
ing units respectively having dischargers of different dis-
charging rate or respectively having capacitors of different
capacities and thus, may increase a range of a measurable
depth.

Examples described herein may provide a depth informa-
tion measuring method and apparatus that may be integrated
with a single chip based on a CMOS scheme and thus, may
provide an economical implementation, for example, fora 3D
recognition camera.

Other features and aspects may be apparent from the fol-
lowing detailed description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram illustrating an example of an optical
pulse that is output from a light source, reflected from an
object, and entered to a depth sensor array.
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FIG. 2 is a diagram illustrating an example of a depth
information measuring apparatus.

FIG. 3 is a graph illustrating a change in a log node voltage
V, and a change in an output node voltage V_,,, based on an
operation of a depth information measuring apparatus.

FIG. 4 is a graph illustrating a change in a log node voltage
V,and a change in an output node voltage V , for each of two
depth information measuring apparatuses that detect light
reflected from locations, where the locations have different
depths.

FIG. 5 is a graph illustrating a change in a log node voltage
V,and a change in an output node voltage V , for each of two
depth information measuring apparatuses that detect light
reflected from different surfaces having different reflection
rates.

FIG. 6 is a diagram illustrating a plurality of discharging
units that may be included in a depth information measuring
apparatus.

FIG. 7 is a graph illustrating a change in a log node voltage
V, based on an operation of a depth information measuring
apparatus that includes the plurality of discharging units illus-
trated in FIG. 6, and a change in an output node voltage V_,,,
for each of the plurality of discharging units.

FIG. 8 is a flowchart illustrating a depth information mea-
suring method.

Throughout the drawings and the detailed description,
unless otherwise described, the same drawing reference
numerals should be understood to refer to the same elements,
features, and structures. The relative size and depiction of
these elements may be exaggerated for clarity, illustration,
and convenience.

DETAILED DESCRIPTION

The following detailed description is provided to assist the
reader in gaining a comprehensive understanding of the meth-
ods, apparatuses and/or systems described herein. Accord-
ingly, various changes, modifications, and equivalents of the
systems, apparatuses and/or methods described herein may
be suggested to those of ordinary skill in the art. The progres-
sion of processing steps and/or operations described is an
example; however, the sequence of and/or operations is not
limited to that set forth herein and may be changed as is
known in the art, with the exception of steps and/or operations
necessarily occurring in a certain order. Also, descriptions of
well-known functions and constructions may be omitted for
increased clarity and conciseness.

Examples described herein provide a method and appara-
tus for relatively accurate and prompt measurement of depth
information, and the method and apparatus may be applied to
devices such as a three-dimensional (3D) camera and the like.
For example, a depth information measuring apparatus may
be used for measuring a distance between an object to each
pixel of the 3D camera. The depth information measuring
apparatus may be utilized by other devices in addition to the
3D camera.

FIG. 1 illustrates an example of an optical pulse 110 that is
output from a light source, reflected from an object, and
entered to a depth sensor array 120.

Referring to FIG. 1, the light source emits the optical pulse
110 toward the object. The optical pulse 110 may include
light of at least two intensity levels, where the at least two
intensity levels are values other than zero. For example, the
optical pulse 110 may include a light of a low intensity level
11 and a light of a high intensity level I12. In this example, the
light source may generate the optical pulse 110 such that the
light of the low intensity level I1 has a higher intensity than an
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intensity of ambient light of the object or the depth informa-
tion measuring apparatus. A period of the optical pulse 110
may be determined based on a frame rate of the 3D camera.

The optical pulse 110 output from the light source may be
reflected from the object and thus may become a reflected
wave, as illustrated in FI1G. 1. Further, the reflected wave may
arrive at the depth sensor array 120. The depth sensor array
120 may include a plurality of pixels, and each of the pixels,
for example, a pixel 121, may be associated with a depth
information measuring apparatus. The plurality of pixels may
receive reflected waves that are reflected from different loca-
tions of a surface of the object. The depth information mea-
suring apparatus associated with the pixel 121 may calculate
depth information of the object based on the reflected wave
received by the pixel 121. The depth information may indi-
cate distance information associated with a distance between
the depth information measuring apparatus and a predeter-
mined point.

FIG. 2 illustrates an example of a depth information mea-
suring apparatus.

Referring to FIG. 2, the depth information measuring appa-
ratus may include a log converting unit 210, a comparison
outputting unit 220, a discharging unit 230, a controller 240,
and a processor 250.

The log converting unit 210 may receive a light reflected
from an object, and may output a log node voltage V, that is
proportional to a log value of an intensity of the reflected
light.

The log converting unit 210 may include an optical sensor
211 that receives the light reflected from the object and
coverts the received light to a current I. The log converting
unit 210 may also include a log output trans-impedance
amplifier 212 that is connected to the optical sensor 211 and
outputs the log node voltage V, that is proportional to a log
value of a magnitude of the converted current I. The log node
voltage V, may be related to the converted current [ according
to Equation 1, where ¢ may be a constant number.

V,=c+log(l) [Equation 1]

The comparison outputting unit 220 may be connected to
the log converting unit 210, and may output a comparison
node voltage of a second threshold value V,,, if a log node
voltageV,increases by at least a first threshold value V ,,, after
activation of a first control signal.

The comparison outputting unit 220 may include a com-
parator, a buffer that is connected to a first input port of the
comparator, and a first switch that is connected between the
buffer and an input port of the comparison outputting unit
220. The first switch may operate based on the first control
signal.

The comparator may output a comparison node voltage V5
of'the second threshold value V,,, if a voltage V, of a second
input port of the comparator is at least the first threshold value
V,,, greater than a voltage V, of the first input port of the
comparator. An example of the comparison node voltage V;
output based on the voltage V, of the first input port and the
voltage V, of the second input port is illustrated in a graph
229. When a difference between the voltage V, and the volt-
ageV, (that is, V,—V,) is less than the first threshold voltage
V,,1, the comparison node voltage V; may be substantially
zero. The second input port of the comparator may be con-
nected to the input port of the comparison outputting unit 220.
The input port of the comparison outputting unit 220 may be
connected to the output of the log converting unit 210.

The discharging unit 230 may be connected to the output of
the comparison outputting unit 220. If the output of the com-
parison outputting unit 220 is equal to or greater than the
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second threshold value V,,,, the discharging unit 230 may
discharge, based on a predetermined rule, an output node
voltage V_,,, until the second control signal is activated. The
output node voltage V_,,, may be charged, in advance, to a
level of a source voltage V...

The discharging unit 230 may include a discharger with an
on-port and an off-port, a capacitor that is connected between
the discharging unit 230 and ground, and a second switch 231
that is connected between the source voltage V., and an
output node. The output node may be disposed between the
discharger and the capacitor, and the second switch 231 may
operate based on a third control signal.

The discharger may operate in an active mode that dis-
charges the output node voltage V,,, when a voltage of the
second threshold value V,,,, is inputted to the on-port. Further,
the discharger may operate in a sleep mode that stops the
discharging based on the second control signal input to the
off-port. The discharger may operate in the active mode when
the comparison node voltage V; reaches the second threshold
value V ,,,, and the discharger may operate in the sleep mode
when the second control signal is activated.

The discharging unit 230 may charge the output node volt-
age to a level of the source voltage V__, according to an
activation of the third control signal input to the discharging
unit230. When the third control signal is activated, the second
switch 231 may be turned on and thus, the capacitor may be
charged.

The controller 240 may control the comparison outputting
unit based on the first control signal, and may control the
discharging unit 230 based on both the second control signal
and the third control signal.

The processor 250 may calculate the depth information
based on a change in an output node voltage V_,,, of the
discharger 230 from before the discharging is performed to
after the second control signal is activated.

FIG. 3 illustrates a change in a log node voltage V, and a
change in an output node voltage V., based on an operation
of a depth information measuring apparatus.

Referring to FIG. 3, at T, the depth information measuring
apparatus may turn on a second switch by applying a third
control signal when a discharger is in a sleep mode. Further at
T, the depth information measuring apparatus may charge a
capacitor to so that a voltage V_,,, at the capacitor attains a
voltage level of the source voltage V__, and the depth infor-
mation measuring apparatus may also turn off the second
switch when the charging is completed at T,.

The depth information measuring apparatus may turn on a
first switch by applying a first control signal at T,. The log
node voltage V, may be loaded to a buffer and such that
V1=V2. The depth information measuring apparatus may
turn off the first switch by applying the first control signal.

Subsequently, the depth information measuring apparatus
may receive a reflected wave. If a light having a high intensity
level included in the reflected wave is received, V, may
increase. When V, increases by at least a first threshold value
Vth,, that is, V,-V,=Vth,, the discharger may operate in an
active mode. Therefore, the capacitor may begin to discharge
at T, and thus, the output node voltage V., may decrease.

When the discharging is performed during a predetermined
time, the depth information measuring apparatus may control
the discharger to operate in the sleep mode by applying the
second control signal at T,. A predetermined time after the
depth information measuring apparatus outputs an optical
pulse in a direction of an object, the depth information mea-
suring apparatus may activate the second control signal so
that the discharger may operate in a sleep mode.
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The depth information measuring apparatus may calculate
the depth information by measuring V  at T,,.

The depth information measuring apparatus may repeat the
above described process in each of one or more frames.

FIG. 4 illustrates a change in a log node voltage V, and a
change in an output node voltage V. for each of two depth
information measuring apparatuses that detect light reflected
from locations, where the locations have different depths.

Referring to FIG. 4, a depth information measuring appa-
ratus included in a pixel may correspond to a route 1, and may
be referred to as a first route apparatus. A change in a voltage
of depth information of the first route apparatus is illustrated
by asolid line in FIG. 4. Similarly, another depth information
measuring apparatus included in a pixel may correspond to a
route 2, and may be referred to as a second route apparatus. A
change in a voltage of depth information of the second route
apparatus is illustrated by a dotted line in FIG. 4.

The route 1 and the route 2 may be associated with optical
pulses output in a direction of an object at substantially the
same time. As illustrated in the example of FIG. 4, the route 1
is shorter than the route 2 and thus, when a discharger of the
first route apparatus begins operating in an active mode at T
may be earlier than when a discharger of the second route
apparatus begins operating in an active mode at T.

After a predetermined time, the first route apparatus and
the second route apparatus may be substantially simulta-
neously controlled to operate a sleep mode, as illustrated in
FIG.4atT,.

The first route apparatus may measure V ; and the second
route apparatus may measure V ,, and thus, the first route
apparatus and the second route apparatus may calculate a
depth of the route 1 and a depth of the route 2, respectively.
Respective dischargers may operate in the active mode at
different times, whereas the respective dischargers may oper-
ate the sleep mode at substantially the same time. Thus,
respective output node voltages of the first route apparatus
and the second route apparatus may be different from each
other at Tg. Therefore, a lower output node voltage may
indicate a shorter corresponding route.

FIG. 5 illustrates a change in a log node voltage V, and a
change in an output node voltage V_,, for each of two depth
information measuring apparatuses that detect light reflected
from different surfaces having different reflection rates.

Referring to FIG. 5, a route 1 may be incident upon a
surface having a high reflection rate, and a route 2 may be
incident upon a surface having a low reflection rate. A depth
information measuring apparatus included in a pixel may
correspond to the route 1, and may be referred to as a first
route apparatus. A change in a voltage of depth information of
the first route apparatus is illustrated by a solid line in FIG. 5.
Similarly, another depth information measuring apparatus
included in a pixel may correspond to the route 2, and may be
referred to as a second route apparatus. A change in a voltage
of depth information of the second route apparatus is illus-
trated by a dotted line in FIG. 5.

The route 1 and the route 2 may be associated with optical
pulses output in a direction of an object at substantially the
same time. As illustrated in the example of F1G. 5, the surface
of'the route 1 and the surface of the route 2 have substantially
the same depth and thus, respective dischargers of the first
route apparatus and the second route apparatus may both
begin operating in an active mode at T,,. The dischargers may
begin operating in the active mode at substantially the same
time since V, is set to be proportional to a log value of an
intensity of a reflected wave. Therefore, a time elapsed for V,
to increase by a first threshold value V,,,; may be substantially
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constant regardless of'a reflection rate of a surface from which
the reflected wave is reflected.

As an example, a reflection rate I, of the route 1 may be
related to a reflection rate I, of the route 2, according to
Equation 2.

I=a'l, [Equation 2]

In Equation 2, a>1. A log node voltage V,, of the first route
apparatus and a log node voltage V, of the first route appa-
ratus may be determined by Equation 3 and Equation 4,
respectively.

V, =c+log()) [Equation 3]

V=c+log(l,) [Equation 4]

In Equation 3 and Equation 4, ¢ may be a constant number.
When Equation 2 is substituted in Equation 3, Equation 3 may
be modified as Equation 5.

Vi =c+logla-h) [Equation 5]

=c +log(a) + log(l>)

=c; +logllp)

Here, c¢,=c+log(a). Accordingly, V,, and V,, may vary
according to a difference of log(a). A time elapsed for V,, to
increase by V,,,; and a time elapsed for V , to increase by V;,,
may be substantially the same and thus, respective output
node voltages V_,,, of the first route apparatus and the second
route apparatus may be substantially the same. Therefore, the
depth information may be measured relatively accurately
regardless of a reflection rate of a surface from which a
reflected wave is reflected.

In FIG. 5, T; may denote a time when the respective dis-
chargers of the first route apparatus and the second route
apparatus begin operating in an active mode, T, , may denote
a time when the respective dischargers begin operating in a
sleep mode, and T, may denote a time when V_,, is mea-
sured.

FIG. 6 illustrates a plurality of discharging units that may
be included in a depth information measuring apparatus.

The depth information measuring apparatus may include
the plurality of discharging units that are connected between
a comparison outputting unit and a processor. For example,
the depth information measuring apparatus may include n
discharging units, for example, a first discharging unit 610, a
second discharging unit 620, . . ., and an n”” discharging unit
630. In this example, an on-port of a discharger included in
each of the discharging units may be connected to an output of
the comparator. An output node of each of the discharging
units may be connected to the processor. The processor may
measure an output node voltage of each of the discharging
units.

The plurality of discharging units may respectively dis-
charge output node voltages at different times. The plurality
of discharging units may respectively include capacitors hav-
ing different capacities. Respective dischargers of the plural-
ity of discharging units may discharge at different rates in an
active mode. Further, the respective dischargers of the plural-
ity of discharging units may be different from each other.

FIG. 7 illustrates a change in a log node voltage V, based on
an operation of a depth information measuring apparatus that
includes the plurality of discharging units illustrated in FIG.
6, and a change in an output node voltage V,,,,, for each of the
plurality of discharging units.

out

out
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When discharging rates of respective discharging units
included in a depth information measuring apparatus are dif-
ferent from each other, the depth information measuring
apparatus may measure various ranges of depths as compared
with a depth information measuring apparatus including dis-
charging units with similar discharging rates. When a dis-
tance to an object is relatively long, the depth information
measuring apparatus may obtain depth information using a
discharging unit that has a relatively slow discharging rate.
Accordingly, when the distance to the object is relatively
short, the depth information measuring apparatus may obtain
the depth information using a discharging unit that has a
relatively fast discharging rate. The depth information mea-
suring apparatus may also use a plurality of discharging units
to measure the depth information.

The depth information measuring apparatus may measure
the depth information using an appropriate discharging unit
based on the distance to the object and thus, a range of
measurable depth may be improved and an accuracy of mea-
sured depth information may be enhanced.

FIG. 8 illustrates a depth information measuring method.

In operation 810, a depth information measuring apparatus
may output, in a direction of an object, a periodic optical pulse
including light of at least two intensity levels, where the at
least two intensity levels are values other than zero. In this
example, a light of a lowest intensity level among the light of
the at least two intensity levels included in the optical pulse
may have a higher intensity than an intensity of ambient light.

The depth information measuring apparatus may charge an
output node voltage to a level of a source voltage, based on
whether a third control signal inputted to each of at least one
discharging unit included in the information measuring appa-
ratus is activated.

The depth information measuring apparatus may receive a
light reflected from the object in operation 820.

The depth information measuring apparatus may generate
a log node voltage V, that is proportional to a log value of an
intensity of the reflected light in operation 830. In this
example, the depth information measuring apparatus may
convert the received light to a current, and may generate the
log node voltage V, that is proportional to a log value of
magnitude of the converted current.

In operation 840, the depth information measuring appa-
ratus may generate, as an output of a comparison node, a
comparison node voltage of a second threshold value if a log
node voltage V, increases by at least a first threshold value
after the activation of a first control signal input to the com-
parison unit.

When the output of the comparison outputting unit is
greater than or equal to the second threshold value, each of the
atleast one discharging unit included in the depth information
measuring apparatus may discharge, based on a predeter-
mined rule, a corresponding output node voltage until a sec-
ond control signal input to a corresponding discharging unit is
activated in operation 840. The output node voltage may be
charged, in advance, to a level of the source voltage. In this
example, the second control signal may be activated when the
discharging is performed during a predetermined time. Each
of the at least one discharging unit may discharge a corre-
sponding output node voltage at a different rate.

In operation 860, the depth information measuring appa-
ratus may calculate depth information based on each change
in output node voltage of the at least one discharging unit
from before the discharging is performed to after the second
control signal is activated.

A depth information measuring method has been described
with respect to FIG. 8. The examples of a depth information
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measuring apparatus described with reference to FIGS. 1
through 7 may be applicable to the depth information mea-
suring method and thus, detailed descriptions thereof will be
omitted.

Furthermore, the example apparatuses and method of mea-
suring depth information may be applied to a three-dimen-
sional (3D) imaging system, for example, a camera for cap-
turing 3D images.

The units described herein may be implemented using
hardware components and software components. For
example, log converting units, comparison output units, dis-
charging units, controllers, and processors. A processor may
be implemented using one or more general-purpose or special
purpose computers, such as, for example, a processor, a con-
troller and an arithmetic logic unit, a digital signal processor,
a microcomputer, a field programmable array, a program-
mable logic unit, a microprocessor or any other device
capable of responding to and executing instructions in a
defined manner. The processing device may run an operating
system (OS) and one or more software applications that run
on the OS. The processing device also may access, store,
manipulate, process, and create data in response to execution
of the software. For purpose of simplicity, the description of
a processing device is used as singular; however, one skilled
in the art will appreciated that a processing device may
include multiple processing elements and multiple types of
processing elements. For example, a processing device may
include multiple processors or a processor and a controller. In
addition, different processing configurations are possible,
such a parallel processors.

The software may include a computer program, a piece of
code, an instruction, or some combination thereof, for inde-
pendently or collectively instructing or configuring the pro-
cessing device to operate as desired. Software and data may
be embodied permanently or temporarily in any type of
machine, component, physical or virtual equipment, com-
puter storage medium or device, or in a propagated signal
wave capable of providing instructions or data to or being
interpreted by the processing device. The software also may
be distributed over network coupled computer systems so that
the software is stored and executed in a distributed fashion. In
particular, the software and data may be stored by one or more
computer readable recording mediums. The computer read-
able recording medium may include any data storage device
that can store data which can be thereafter read by a computer
system or processing device. Examples of the computer read-
able recording medium include read-only memory (ROM),
random-access memory (RAM), CD-ROMs, magnetic tapes,
floppy disks, optical data storage devices. Also, functional
programs, codes, and code segments for accomplishing the
example embodiments disclosed herein can be easily con-
strued by programmers skilled in the art to which the embodi-
ments pertain based on and using the flow diagrams and block
diagrams of the figures and their corresponding descriptions
as provided herein.

A number of example embodiments have been described
above. Nevertheless, it should be understood that various
modifications may be made. For example, suitable results
may be achieved if the described techniques are performed in
a different order and/or if components in a described system,
architecture, device, or circuit are combined in a different
manner and/or replaced or supplemented by other compo-
nents or their equivalents. Accordingly, other implementa-
tions are within the scope of the following claims.
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What is claimed is:

1. An apparatus for measuring depth information, the appa-
ratus comprising:

a log converting unit configured to receive a light reflected
from an object, and to output a log node voltage that is
proportional to a log value of an intensity of the reflected
light;

a comparison outputting unit connected to an output of the
log converting unit, and configured to output a compari-
son node voltage of a second threshold value when the
log node voltage increases by at least a first threshold
value after activation of a first control signal,

wherein the comparison outputting unit comprises:

a comparator with a first input port and a second input port,
the second input port being connected to an input port of
the comparison outputting unit;

a buffer connected to the first input port of the comparator;
and

afirst switch disposed between the buffer and the input port
of the comparison outputting unit,

wherein the first switch operates based on the first control
signal, and

wherein the comparator outputs a comparison node voltage
substantially equal to the second threshold value when a
voltage of a second input port of the comparator is at
least the first threshold value greater than a voltage of the
first input port; and

at least one discharging unit connected to an output of the
comparison outputting unit and configured to discharge,
based on a predetermined rule, an output node voltage
until a second control signal is activated when the output
of the comparison outputting unit is equal to or greater
than the second threshold value,

wherein the output node voltage is charged, in advance, to
a level of a source voltage,

wherein the second control signal is activated when the
discharging is performed during a predetermined time,
and

wherein each ofthe atleast one discharging unit discharges
the corresponding output node voltage at a different rate.

2. The apparatus of claim 1, wherein the log converting unit
comprises:

an optical sensor configured to receive the light reflected
from the object, and to convert the received light to a
current; and

a log output trans-impedance amplifier configured to out-
put the log node voltage that is proportional to a log
value of a magnitude of the current.

3. The apparatus of claim 1, wherein each of the at least one
discharging unit charges a corresponding output node voltage
to the level of the source voltage, based on whether a third
control signal input to a corresponding discharging unit is
activated.

4. The apparatus of claim 1, wherein each of the at least one
discharging unit comprises:

a discharger including an on-port and an off-port;

a capacitor connected between a corresponding discharg-

ing unit and ground; and

a second switch connected between the source voltage and
an output node, the output node disposed between the
discharger and the capacitor,

wherein the second switch operates based on a third control
signal, and

wherein the discharger operates in an active mode that
discharges the output node voltage when a voltage
greater than or equal to the second threshold value is
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input to the on-port, and operates in a sleep mode that
stops the discharging based on the second control signal
input to the off-port.

5. The apparatus of claim 4, wherein the capacitor included
in each of the at least one discharging unit has a different
capacity.

6. The apparatus of claim 4, wherein the discharger
included in each of the at least one discharging unit has a
different discharging rate.

7. The apparatus of claim 1, further comprising:

a light source configured to output, in a direction of the
object, a periodic optical pulse including light of at least
two intensity levels, wherein the at least two intensity
levels have values other than zero.

8. The apparatus of claim 7, wherein the lowest intensity
level of light of the periodic optical pulse is higher than an
intensity of ambient light.

9. The apparatus of claim 1, further comprising:

a controller configured to control the comparison output-
ting unit based on the first control signal, and to control
the at least one discharging unit based on the second
control signal.

10. The apparatus of claim 9, wherein the controller selec-
tively controls the at least one discharging unit based on an
estimated distance to the object.

11. The apparatus of claim 10, wherein a discharging unit
having a relatively fast discharging rate among the at least one
discharging unit is selected when the estimated distance is
relatively short.

12. The apparatus of claim 10, wherein a discharging unit
having a relatively slow discharging rate among the at least
one discharging unit is selected when the estimated distance
is relatively long.

13. The apparatus of claim 1, further comprising:

a processor configured to calculate depth information
based on each change in output node voltage of the at
least one discharging unit from before the discharging is
performed to after the second control signal is activated.

14. A method of measuring depth information, the method
comprising:

receiving a light reflected from an object;

generating a log node voltage that is proportional to a log
value of an intensity of the reflected light;

generating, as an output of a comparison outputting unit, a
comparison node voltage of a second threshold value
when the log node voltage increases by at least a first
threshold value after activation of a first control signal
input to the comparison outputting unit

wherein the comparison outputting unit comprises:

a comparator with a first input port and a second input port,
the second input port being connected to an input port of
the comparison outputting unit;

a buffer connected to the first input port of the comparator;
and

a first switch disposed between the buffer and the input port
of the comparison outputting unit,

wherein the first switch operates based on the first control
signal, and

wherein the comparator outputs a comparison node voltage
substantially equal to the second threshold value when a
voltage of a second input port of the comparator is at
least the first threshold value greater than a voltage of the
first input port; and

discharging, by at least one discharging unit and based on
a predetermined rule, an output node voltage of each of
the at least one discharging unit until a second control
signal input to a corresponding discharging unit is acti-
vated when the output of the comparison outputting unit
is greater than or equal to the second threshold value,
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wherein the output node voltage is charged, in advance, to
a level of a source voltage, and

wherein the second control signal is activated when the
discharging is performed during a predetermined time,
and

wherein the discharging comprises discharging, by each of

the at least one discharging unit, a corresponding output
node voltage at a different rate.

15. The method of claim 14, wherein the generating of the
log node voltage comprises converting the received light to a
current and generating the log node voltage that is propor-
tional to a log value of a magnitude of the current.

16. The method of claim 14, further comprising:

charging the output node voltage to the level of the source

voltage, based on whether a third control signal input to
each of the at least one discharging unit is activated.

17. The method of claim 14, further comprising:

outputting, in a direction of the object, a periodic optical

pulse including light of at least two intensity levels,
wherein the at least two intensity levels have values
other than zero.

18. The method of claim 17, wherein the outputting com-
prises:

outputting a lowest intensity level of light of the periodic

optical pulse is higher than an intensity of ambient light.

19. The method of claim 14, further comprising:

calculating depth information based on each change in

output node voltage from before the discharging is per-
formed to after the second control signal is activated.

20. A method of measuring depth information, the method
comprising:

generating an optical pulse toward an object;

receiving a reflected optical signal resulting from the opti-

cal pulse being reflected from the object;
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generating a log node voltage that is proportional to a log
value of an intensity of the reflected optical signal;

generating, as an output of a comparison outputting unit, a
comparison node voltage of a second threshold value
when the log node voltage increases by at least a first
threshold value after activation of a first control signal
input to the comparison outputting unit,

wherein the comparison outputting unit comprises:

a comparator with a first input port and a second input port,
the second input port being connected to an input port of
the comparison outputting unit;

a buffer connected to the first input port of the comparator;
and

a first switch disposed between the buffer and the input port
of the comparison outputting unit,

wherein the first switch operates based on the first control
signal, and

wherein the comparator outputs a comparison node voltage
substantially equal to the second threshold value when a
voltage of a second input port of the comparator is at
least the first threshold value greater than a voltage of the
first input port

generating a discharge signal based on the log node volt-
age; and

determining the depth information according to a value
measured with respect to the discharge signal a prede-
termined time after the generation of the optical pulse,

wherein the discharge signal varies as a function of time,
and

wherein the discharge signal is outputted at a different rate
for each of at least one discharging unit.



